Introduction
============

Severe Acute Respiratory Syndrome (SARS) was detected in China during the spring of 2004 [@bib1]. A total of nine cases (including three suspected cases) were reported and a female patient died. SARS is caused by a new strain of human coronavirus (CoV) that has been isolated from SARS patients [@bib2], [@bib3]. Unlike other human CoVs, which cause mild respiratory infection [@bib4], [@bib5], [@bib6], [@bib7] comprising approximately 15--30% of common colds [@bib8], [@bib9], the SARS-CoV causes severe respiratory infection, which progresses to acute lung injury or acute respiratory distress syndrome (ARDS) and the mortality around 10% [@bib10]. In the early stage of SARS or in atypical SARS, patients usually demonstrate symptoms similar to the common cold or influenza. In this situation, the detection of antibodies against SARS-CoV has been used to confirm the diagnosis of SARS. It is also important to analyze the immunogens in SARS-CoV and their capacity to elicit protective immunity, to better characterize the immune response for early diagnosis, and to understand the immunopathogenesis of the SARS.

The spike (S) protein from the SARS-CoV is a heterodimer, a characteristic of coronaviruses, and consists of two noncovalently bound S protein subunits, S1 and S2, derived from the N and C terminal halves of the S protein. During a coronavirus infection, the S1 subunit binds to its specific receptors on host cells [@bib11], [@bib12], followed by the S2 subunit mediating fusion between the virus and host cell membrane leading to the entry of virus into the cells. In previous studies of coronavirus infection, the S protein is a potent immunogen, which induces neutralizing antibodies [@bib13]. After infection, neutralizing antibodies are typically directed against certain fragments of S1 or S2, which can block the receptor recognition and membrane fusion of the coronavirus [@bib14]. Recent reports showed that the viral receptor, ACE2, binding site was linked to the fragment of the C terminal of S1 and S2 [@bib15], [@bib16], and this suggests that antibodies against S1-C and S2 may be associated with the generation of protective immune response.

In order to understand the immunogenecity of fragments of the S protein of SARS-CoV and to evaluate their potential use as target antigens for a diagnostic ELISA assay. We prepared recombinant S1 and S2 subunits and S1 fragments ([Fig. 1](#fig1){ref-type="fig"} ) to evaluate the serum from SARS-recovered patients for possible antibodies to these antigens.Fig. 1Western blotting analysis of expressed recombinant SARS virus protein. M: protein MW marker, the molecule weights of S1, S1-C, S1-N, and S2 recombinant proteins are 108, 64, 59, and 79.9 kDa, respectively. The numbers of patients are showed above the figures of W.B. 1 and 2: sera from health donor (with SARS contact history); 3 and 4: sera from patients recovered from SARS.

Materials and methods
=====================

Patients and sera
-----------------

In order to compare the utility of ELISA and WB assay with the two recombinant fragments of S protein, we used sera obtained from SARS patient samples at The First Hospital of Peking University. The sera were collected from a group of medical workers who were infected with SARS-CoV when they cared for SARS patients ([Table 1](#tbl1){ref-type="table"} ). All were diagnosed with SARS by following the diagnostic standards including a clear SARS-CoV contact history, fever, and X-ray changes. All of these cases emerged at approximately the same time, the end of April 2003. The control sera from healthy donors come from three groups, 20 samples collected prior to the outbreak of SARS, 20 samples collected from medical workers in The First Hospital of Peking University during the epidemic period of SARS, and 20 samples collected from the healthy donors who are medical workers in The First Hospital of Peking University and had occasionally contacted the SARS patients.Table 1The data of patients studiedNumberAgeGenderDate of fever beginning[a](#tblfn1){ref-type="table-fn"}Date of leaving hospital[b](#tblfn2){ref-type="table-fn"}Date of sample collecting[c](#tblfn3){ref-type="table-fn"}ELISAS1S2S1-NS1-C121Female04/2306/0106/25+(1.667)++−+228Male04/2306/0106/25+(1.437)++−−321Female04/2106/0106/25+(1.658)++−+424Female05/0306/0106/25+(1.624)−−−−528Male05/1006/0106/25+(0.779)+++−647Female05/0306/0106/25+(0.726)−+−−734Female04/2306/0106/25−(0.007)−−−−822Female04/1806/0106/25+(1.432)+−−−930Female05/0306/0106/25−(0.045)−+−−1023Female04/2306/0106/25+(1.210)++−−1133Female04/2906/0106/25+(1.587)++++1221Female04/2306/0106/25+(1.658)++−+1323Female03/2406/0106/25+(1.680)++−+1440Female04/2406/0106/25+(1.420)++−+1525Female04/2306/0106/25+(1.709)++−+1639Female04/2306/0106/25−(0.068)−++−1738Female04/2906/0106/25+(1.394)++−+1820Female04/2706/0106/25+(1.575)++−+1952Female04/2606/0106/25+(1.457)++++2021Female04/2906/0106/25+(1.287)++++[^2][^3][^4][^5]

In order to test the utility of the WB with recombinant S2 subunit, 31 serum samples from SARS-suspected patients (12 from Princess Margaret Hospital, Hong Kong, and 19 from Beijing SARS control network laboratories) and 10 serum samples from patients with SARS-similar fever (all collected before 2003, stored at −80°C, and found seropositive when evaluated with a SARS ELISA kit).

The patients gave written consent for blood collection and Hospital Ethics Review Committee approved this study. Testing for antibodies against GST or thioredoxin (TRX) was negative in all of the serum samples used in this study, and all of the samples were stored at −80°C before evaluation.

Expression of recombinant SARS-CoV S fragments and Western blot
---------------------------------------------------------------

Four fragments of SARS-CoV S protein, S1 (a TRX fusion recombinant protein of S1 subunit), S2 (a recombinant protein of S2 subunit with 6X His tail), S1-N (a GST fusion recombinant protein of the 344 amino acid residues of S1 N terminal), and S1-C (a GST fusion recombinant protein of the 311 amino acid residues of S1-C terminal) were expressed in *Escherichia coli* as described previously [@bib17]. Briefly, each expressed fragment of S protein was amplified with the template of plasmid containing corresponding full-length cDNA of SARS-CoV S gene (Gifts from Dr. Yong Xie, Hong Kong University of Science and Technology) and specific primers ([Table 2](#tbl2){ref-type="table"} ). The amplified products were digested with restriction endonuclease *Bam*HI and *Kpn*I. The fragments of S1 and S2 cDNAs were inserted into the pET32a-TRX and pET32a expression plasmids, respectively, whereas the fragments of S1-N and S1-C cDNAs were inserted into the pGEX-4T-2. After verification of the correct sequences, the plasmids were transformed into *E. coli* BL-21 (pET32a-TRX/S1 and pET32a/S2) and DH5α (pGEX-4T-2/S1-N and pGEX-4T-2/S1-C), respectively. The *E. coli* was cultured in 2-YT medium at 37° and induced with IPTG for 6 h. The *E. coli* was harvested and lysed by ultrasonication. The inclusion bodies (IB) were collected and thoroughly washed. The recombinant S1-TRX fusion protein and S2 protein, both of which contain a 6xHis tag, were purified with Ni-NTA resin (Qiagen QIAexpress). As the S1-N and S1-C proteins were fused with GST proteins on N terminus, they were purified with GST-glutathione sepharose 4B affinity system.Table 2The sequences of primers for amplification of S fragmentsFragmentSenseAntisenseS15′-ggggatccagtgaccttgaccggtgcaccac-3′5′-ccggtaccaactgtatggtaactagcacaaatgcc-3′S25′-ggggatcctctttattacgtagtactagcc-3′5′-ccggtacctgtgtaatgtaatttgacacc-3′S1-N5′-ggggatcctttattttcttattatttcttactc-3′5′-ccggtaccaactgtatggtaactagcacaaatgc-3′S1-C5′-ggggatcctcaacatttttttcaacctttaagtgc-3′5′-ccggtacctgtatggtaactagcacaaatgccagc-3′

Western blotting
----------------

The screening of the S protein of SARS-CoV against sera from SARS patients or from healthy donors was performed by Western blotting (WB). Briefly, every purified SARS recombinant protein was separated on 10% SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. After blocking with 5% milk, the membranes were sequentially incubated with sera diluted in 1:500, goat anti-human IgG (H + L) alkaline phosphatase conjugate (1:10,000, Promega), and the substrate NBT/BCIP (Promega). The antibody-positive sera were tested twice to verify the immunoreaction. Mock-transfected *E. coli* lysate made in the same vectors were used in WB analysis as negative controls.

ELISA
-----

IgG antibodies against sera from SARS patients were detected by ELISA using ELISA kit (Huada Bioscience, China), which was made up with the killed SARS virus and served as the main antigens. In brief, 100 μl/well of diluted serum (1:200) was added and incubated for 2 h at room temperature (RT). Plates were washed, followed by the addition of 100 μl/well diluted goat anti-human IgG (H + L) alkaline phosphatase conjugate (1:10,000, Promega) for 1 h at RT. Plates were washed, incubated with 100 μl/well of substrate solution for 30 min at RT, and immediately read with a microtiter plate reader (Anthos 2001, Anthos, Austria) at 450 nm. Samples with an optical density (OD) over the cutoff (CO) value were identified as positive. CO value was defined as CO value = \[0.13 + N~OD~\], and this translated into 0.135 for IgG in our study (N~OD~ \< 0.005, so the CO was set at 0.135).

Results
=======

Anti-SARS-CoV-specific antibodies could be detected in serum by WB with recombinant SARS-CoV S protein fragments as well as by ELISA with killed SARS-CoV
---------------------------------------------------------------------------------------------------------------------------------------------------------

The recombinant S protein fragments were recognized by the sera from SARS-recovered donors, and S1, S2, S1-N, and S1-C recombinant proteins were estimated to be around 108 kDa (TRX-S1), 90 kDa (S2), 64 kDa (S1-N-GST), and 59 kDa (S1-C-GST), respectively ([Fig. 1](#fig1){ref-type="fig"}). Seroreactivity analysis was performed using WB and ELISA. In the 20 sera collected from the donors who have fully recovered from SARS infection, there were 17 sera reactive to killed SARS virus as measured by an ELISA kit ([Table 1](#tbl1){ref-type="table"}). In these 20 sera from SARS-recovered donors, there were 15, 17, 11, and 5 sera reactive to S1, S2, S1-N, and S1-C recombinant proteins, respectively, as detected by WB (details in [Table 1](#tbl1){ref-type="table"}). None of the sera from control healthy donors was reactive using the killed SARS virus ELISA kit, with the exception of a very weak reaction found in two samples from sera collected prior to the outbreak of SARS (OD 0.172 and 0.136, respectively). Antibodies against S1 and S1-N were also detected by WB in sera from the three groups of healthy donors (the positive rate is shown in [Table 2](#tbl2){ref-type="table"}). In contrast, antibodies against S1-C and S2 fragments by WB were only detected in the sera from the healthy donors with SARS contact history, but not in the sera from the other healthy donors ([Table 3](#tbl3){ref-type="table"} ).Table 3The antibody response to S antigen subunits in donors fully recovered from SARS infection and different groups of healthy donorsSARS patientsHealthy donors with SARS patients contact historyHealthy donors during SARS epidemicHealthy donors before SARS epidemicS175% (15/20)30% (6/20)10% (2/20)20% (4/20)S285%(17/20)15% (3/20)0% (0/20)0% (0/20)S1-N25% (5/20)10% (2/20)15% (3/20)20% (4/20)S1-C55% (11/20)15% (3/20)0% (0/20)0% (0/20)ELISA85% (17/20)0%(0/20)0%(0/20)10%(2/20)[a](#tblfn4){ref-type="table-fn"}[^6]

WB with recombinant S2 subunit could be useful in diagnosis of SARS
-------------------------------------------------------------------

Anti-SARS-CoV antibodies and anti-S2-subunit antibodies could be detected in sera from SARS-suspected patients from Hong Kong and Beijing by ELISA and WB, respectively ([Table 4](#tbl4){ref-type="table"} ). The positive rate of the antibodies in these sera is less than that in sera from SARS patients in The First Hospital of Peking University who were diagnosed as SARS confirmed. Furthermore, in 10 selected ELISA-positive serum samples from patients with a compatible history of disease prior to 2003, antibodies against S2 recombinant protein were detected in three samples ([Table 4](#tbl4){ref-type="table"}).Table 4The positive rate of serum from different donors detected by ELISA and WBSerum from Hong Kong[a](#tblfn5){ref-type="table-fn"}Serum from Beijing[b](#tblfn6){ref-type="table-fn"}Serum from SARS-like patients[c](#tblfn7){ref-type="table-fn"}S267% (8/12)37% (7/19)30% (3/10)ELISA75% (9/12)53% (9/19)100% (10/10)[^7][^8][^9]

Discussion
==========

In order to evaluate the diagnostic utility of a WB assay using recombinant S protein fragments, sera from 20 SARS-recovered donors were tested in this study. All patients were diagnosed as SARS cases and infected in the same time interval. The samples were collected at the same time to avoid any possible error caused by sample collection differences. In the 85% of these serum samples, antibodies against SARS-CoV were detected with a commercial ELISA assay were also positive using the WB with recombinant S2 protein that we developed. Antibodies were not detected using either test method in the healthy control sera with the exception of two weakly reactive samples. Furthermore, only serum from one patient was negative with both the commercial ELISA and WB based on the S2 recombinant protein. This suggests that the commercial ELISA kit for SARS combined with the WB assay using the recombinant S2 subunit may provide improved diagnostic capability.

Antibodies against S1 and S1-N were detected by WB in sera both from SARS-recovered donors and all the control groups. Thus, it appears that antibodies directed against S1 or S1-N are less useful for making a diagnosis of SARS. On the other hand, antibodies against S1-C and S2 by WB were detected only in sera from SARS-recovered donors and some donors with SARS contact history. In some commercial ELISA-negative serum samples, antibodies to S1-C and S2 by WB were positive possibly due to the destruction or alteration of SARS-CoV surface protein during the viral preparation process for the ELISA kits. This suggests that detecting antibodies to S1-C or S2 by WB may be useful in making a diagnosis of SARS exposure in the setting of a negative SARS ELISA assay.

However, clinicians should cautious in interpreting a weakly positive ELISA result (OD \< 0.5). This could represent an antibody to a non-SARS-CoV that cross-reacts with the SARS-CoV antigen preparation in the ELISA kit, a phenomenon that has been reported previously [@bib18], [@bib19]. As shown above, recombinant S1 and its fragments as a target for antibody detection do not appear to provide additional useful diagnostic information. However, 10 ELISA-positive (OD \< 0.5) sera were identified from patients collected before SARS outbreak in 2003 with symptoms that included fever. These sera were tested using the WB assay with recombinant S2 subunit and three of these were positive. Additional testing with the recombinant S2 protein are required to determine if the WB to recombinant S2 protein will prove to be useful in evaluating ELISA-positive sera from patients who do not fulfill the criteria for diagnosing SARS.

In order to evaluate the utility of the WB assay with recombinant S2 subunit in aiding in the diagnosis of SARS, sera from SARS-suspected patients were tested with both the S2-WB and a commercial SARS ELISA assay. Antibodies against SARS-CoV were detected in some of the serum samples from two different groups of suspected SARS patients using the combination of SARS ELISA and S2-WB assays. As might be expected, the positive rate in these serum samples was lower than that found in SARS-confirmed cases obtained from The First Hospital of Peking University. This may be due to non-SARS patients being present within these two groups and/or the absence of a significant antibody response early in the course of SARS. If the latter circumstance is correct, then the evaluation of the diagnostic effectiveness of a test method including ELISA or WB should be established using sera from SARS-confirmed cases rather than SARS-suspected cases. The time course of antibody generation to SARS-CoV following the onset of symptoms is an important diagnostic issue and has been previously reported to vary widely [@bib20]---from 3 days to more than 1 month following the onset of fever (data not shown).

SARS-CoV recombinant proteins expressed in *E. coli* have been shown to be recognized by antibodies in the serum from coronavirus-infected animals [@bib21], [@bib22]. Furthermore, recombinant coronavirus proteins expressed in *E. coli* has been demonstrated to have antigenicity and receptor binding ability [@bib23], [@bib24]. Our data suggest that the recombinant S1-C and S2 may have potential use in the production of SARS vaccines. This is based in part on the observation that antibodies against S protein were only detected rarely in samples from healthy donors who had been in contact with SARS patients, suggesting that infection and/or immune response may not be consistently generated by common contact. This could explain why the researchers are infected even after long-term contact with SARS-CoV prior to infection.

In conclusion, our findings suggest that diagnostic approaches using SARS-CoV-specific component proteins may increase the diagnostic accuracy of testing when combined with conventional ELISA tests based on killed virus as the target antigen.
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